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Nitric oxide reduces the molecular activity of Na1,K1-ATPase
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Nitric oxide reduces the molecular activity of Na1,K12ATPase cesses including kidney function [1]. Particularly, NO
in opossum kidney cells. may directly or indirectly regulate fluid and solute reab-
Background. Nitric oxide (NO) directly inhibits fluid and sorption in the kidney and, thereby, contribute to thesolute reabsorption in the proximal tubule. In the present study,
maintenance of the fluid and solute homeostasis. On thewe investigated the effect of NO on the Na1,K1-ATPase of
other hand, abnormal production and/or actions of NOopossum kidney (OK) cells, a proximal tubule cell line, and
its mechanisms. in the kidney may result in the disturbance of the fluid
Methods. Na1,K1-ATPase activity in the membrane frac- and solute reabsorption.
tion of OK cells was measured as the ouabain-sensitive ATP The renal proximal tubule, which is responsible forhydrolytic activity. The enzyme unit number on intact cells
two thirds of the fluid and sodium reabsorption, constitu-was measured by ouabain-binding assay.
tively contains iNOS [2] and possibly eNOS [3] mRNAs.Results. Incubation with 0.5 mm sodium nitroprusside
(SNP), a NO donor, for two hours inhibited the catalytic activity The tissues adjacent to the proximal tubule, such as the
of the membrane-associated Na1,K1-ATPase in OK cells to vascular endothelium, are also capable of producing NO.
65.5 6 9.7% of control (N 5 6, P , 0.05 vs. control). This
The existence of NO in the renal cortical interstitiumeffect of SNP was concentration- and time-dependent. The
was confirmed by microdialysis studies [4]. Moreover,NO scavenger hemoglobin blunted, while another NO donor
spermine NONOate (5 mm) mimicked this effect of SNP. At NO is able to stimulate the production of cyclic GMP
all concentrations and time points tested, SNP did not alter (cGMP), the most common mediator of NO effects, in
the molecular number of Na1,K1-ATPase on intact OK cells, rabbit proximal tubules [5]. Therefore, it is conceivable
indicating that NO inhibited the molecular activity of Na1,K1-
that the functions of proximal tubules, particularly theATPase. The soluble guanylate cyclase inhibitor, 1H-[1,2,4]ox-
fluid and solute reabsorption, may be regulated by NOadiazolo-[4,3-a]quinoxalin-1-one (ODQ), blunted the inhibi-
tory effect of SNP on the Na1,K1-ATPase activity. An exoge- under both physiological and pathophysiological condi-
nous cGMP analog similarly inhibited the Na1,K1-ATPase tions.
activity. Neither lipid soluble antioxidants vitamin E/probucol Using in vivo microperfusion or split-drop micropunc-or thiol group compound DL-dithiothreitol (DTT) altered the
ture techniques, which minimized hemodynamic effects,inhibitory effect of SNP on the Na1,K1-ATPase activity.
Wang [6] and Eitle et al [7] both found that sodiumConclusions. NO inhibited the molecular activity of the
Na1,K1-ATPase of the OK proximal tubule cell line probably nitroprusside (SNP), a NO donor, at the concentrations
via cGMP-dependent mechanisms. of 1 or 0.1 mm directly inhibited fluid and/or solute reab-
sorption in proximal tubules. The reabsorption of fluid
and most solutes in the proximal tubule is usually second-
Nitric oxide (NO) is synthesized from L-arginine by ary to sodium reabsorption. Sodium reabsorption by
a variety of tissues. The synthesis of NO is catalyzed by proximal tubules is driven by the Na1,K1-ATPase lo-
NO synthase (NOS). Several isoforms of NOS, including cated in the basolateral plasma membrane. Therefore, it
inducible NOS (iNOS) and endothelial NOS (eNOS), is important to know whether NO regulates the Na1,K1-
have been identified. NO has been shown to be an impor- ATPase activity in the proximal tubule and whether the
tant messenger or modulator in many biological pro- action of NO on Na1,K1-ATPase could be incorporated
into the overall effect of NO on the proximal tubule
reabsorption. Indeed, a study by Guzman et al showedKey words: sodium nitroprusside, ouabain, cyclic GMP, lipid peroxida-
tion, signal transduction. that induction of endogenous NO production by bacte-
rial lipopolysaccharide and interferon-g inhibited the ca-Received for publication September 10, 1998
talytic activity of Na1,K1-ATPase in mouse proximaland in revised form January 14, 1999
Accepted for publication March 24, 1999 tubule cells by <30% [8]. This inhibition of Na1,K1-
ATPase was accompanied by a reduction of myo-inositol 1999 by the International Society of Nephrology
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uptake. However, the mechanism for this effect of NO by immediately returning the reaction mixture to ice
water and adding ice-cold trichloroacetic acid (TCA) to aremains obscure. Potentially, NO could inhibit the cata-
lytic activity of Na1,K1-ATPase via several mechanisms, final concentration of 10%. The production of inorganic
phosphate was measured by the Tausky and Shorrincluding a reduction of the availability of substrates and
cofactors, reduction of the enzyme molecule number, method. Non-enzymatic degradation of ATP was sub-
tracted. The production of Pi was confirmed to fall withinmodification of the enzyme structure, and alteration of
the lipid microenvironment surrounding the enzymes. the initial linear range in preliminary experiments. The
Na1,K1-ATPase activity was calculated as the differenceIn the present study, we investigated the effect of NO
on the Na1,K1-ATPase in the opossum kidney (OK) between the “total” ATPase activity and the ouabain-
insensitive ATPase activity. The Na1,K1-ATPase activ-cells, an established proximal tubule cell line, and its
mechanisms. We found that NO reduced the molecular ity obtained was corrected for the cell number. All exper-
iments were performed in parallel with controls and,activity rather than the number of Na1,K1-ATPase in
OK cells. This effect of NO was probably mediated by when effects of various compounds other than the NO
donor were tested, treatment with NO donor alone wascGMP-dependent mechanisms.
also performed in parallel as the “positive control.” The
results were expressed as percentages of the simultane-
METHODS
ously performed controls. The membrane-associated
Cell culture Na1,K1-ATPase activity under control condition was <7
nmol Pi/min/106 cells.Opossum kidney cells were originally obtained from
the American Type Culture Collection (ATCC; Rock-
Ouabain binding assayville, MD, USA). The cell line was maintained in a
1:1 mixture of Dulbecco’s modified Eagle’s medium The ouabain binding assay was performed as pre-
viously described [10] with minor modification. After(DMEM) and Ham’s F-12 nutrient mixture supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin, treatments, OK cells were washed three times with a
K1-free solution containing (in mm) NaCl 140, CaCl2 1.8,and 100 mg/ml streptomycin. Cells were incubated in 5%
CO2 95% air at 378C. Cells were subcultured when they d-glucose 5, and Hepes 10, pH 7.4. The K1-free solution
with 1 mm ouabain (for total binding) or 1 mm ouabainreached confluence by incubation with 0.25% tryp-
sin-0.02% ethylenediaminetetraacetate (EDTA). (for nonspecific binding) was then added together with
1 mCi/ml [3H]-ouabain (50.0 Ci/mmol) and incubated at
Crude membrane fraction preparation room temperature. After 20 minutes, the K1-free solu-
tion was removed. Cells were washed with ice-cold 100After treatments, OK cells in six-well plastic plates
were quickly washed twice with the ice-cold scrape buffer mm MgCl2 twice quickly and then twice for five minutes
each. Cells were then lyzed in 0.5 N NaOH, and thecontaining (in mm) d-mannitol 300, Tris·Cl 10, and
EDTA 1, pH 7.4. Cells were collected in the same buffer lysate was counted in duplicate with a beta-counter
(Beckman LS 6000SC; Beckman Instrumnts, Fullerton,and counted with a hemocytometer. Treatments in this
study did not significantly change the cell number. The CA, USA). The specific ouabain binding was calculated
as the difference between the total and the nonspecificcells were broken by sonication on ice and centrifuged
at 400 3 g for 4 minutes. The supernatant was transferred bindings. The ouabain binding sites were saturated
within 10 minutes as confirmed in preliminary experi-to another tube and centrifuged at 40,000 3 g for 20
minutes (48C). The supernatant was decanted. The pellet ments. OK cells under control condition have < 450 fmol
ouabain binding sites/cm2. The results were expressed aswas re-suspended in the scrape buffer and designated as
the crude membrane fraction. percentages of the simultaneously performed controls.
Molecular activity of Na1,K1-ATPaseNa1,K1-ATPase assay
Na1,K1-ATPase activity in the crude membrane frac- The molecular activity of membrane-associated Na1,
K1-ATPase as previously defined [11] was calculatedtion was measured as previously described [9] with minor
modification. Aliquots of the crude membrane fraction by dividing the Na1,K1-ATPase activity in the crude
membrane fraction by the ouabain binding sites. Theprepared as described above were combined with an
assay buffer containing (in mm) NaCl 100, KCl 20, MgCl2 results were expressed as percentages of the controls.
4, Tris·Cl 100, and Na2·ATP 2, pH 7.4, for “total” ATPase
cGMP assayactivity measurement. An assay buffer containing (in
mm) NaCl 120, MgCl2 4, Tris·Cl 100, ouabain 1, and Cells were treated with sodium nitroprusside (SNP)
or SNP 1 ODQ at the indicated concentrations in cultureNa2·ATP 2, pH 7.4, was used for ouabain-insensitive
ATPase activity measurement. The mixture was incu- medium for 10 minutes. After the medium was removed,
the cells were quickly washed with ice-cold PBSA (PBSbated at 378C for 10 minutes. The reaction was stopped
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without Ca21 and Mg21) and collected in 10% TCA.
After brief sonication, the suspension was centrifuged
at 4,000 3 g for five minutes. The supernatant was trans-
ferred to another tube. TCA in the supernatant was
extracted with water-saturated ether. After acetylation,
the cGMP was measured using an enzyme immunoassay
kit (Cayman Chemical, MI, USA).
Lipid peroxidation assay
Lipid peroxidation was assessed by measuring the thi-
obarbituric acid reaction substance (TBARS) as pre-
viously described [12]. After treatments, the cells were
washed twice with ice-cold PBSA and collected in dis-
tilled water. An aliquot of the sample was added to a
mixture of 8.1% SDS, 0.8% 2-thiobarbituric acid, and
20% acetic acid (2:15:15, vol/vol/vol), and boiled for 60 Fig. 1. Concentration-dependent effect of sodium nitroprusside (SNP)
min. The solution was cooled to room temperature and on the Na1,K1-ATPase in opossum kidney (OK) cells. Cells were incu-
bated with SNP at the indicated concentrations for two hours. Theextracted with a mixture of N-butanol and pyridine (15:1,
measurement of overall catalytic activity (d) of membrane-associatedvol/vol). The organic portion was then read at 532 nm Na1,K1-ATPase and the ouabain binding assay (s) were done as de-
with a spectrophotometer. Malonaldehyde bis [dimethyl scribed in the Methods section. Molecular activity (.) was calculated
by dividing the overall catalytic activity by the ouabain binding. N 5acetal] was used as standards.
6 (catalytic activity) or 4 (ouabain binding) for each concentration.
*P , 0.05 vs. control.NO22 assay
NO22 accumulation in the culture medium was mea-
sured with the Griess reaction. An aliquot of the sample
OK cells were incubated with culture medium alonewas mixed with the Griess reagent containing 1% (wt/
(control) or culture medium containing 0.05, 0.5, or 5 mmvol) sulfanilamide, 0.1% (wt/vol) naphthylethylenedia-
SNP for two hours. SNP (0.05 mm) did not significantlymine di-HCl, and 5% (vol/vol) phosphoric acid (85%).
change the activity of membrane-associated Na1,K1-The mixture was incubated at room temperature for 10
ATPase. At the concentration of 0.5 mm, the overallminutes and read at 570 nm with a microplate reader.
catalytic activity of membrane-associated Na1,K1-NaNO2 was used as standards.
ATPase was decreased to 65.5 6 9.7% of control (N 5
Materials 6, P , 0.05). This was concomitant with the accumulation
of 3.27 6 0.18 mm NO22 in the culture medium at thePlastic cell culture supplies were from Corning Costar
end of incubation. When the concentration of SNP was(Acton, MA, USA). [3H]-ouabain was purchased from
increased to 5 mm, a slightly, but not significantly, largerAmersham (Buckinghamshire, UK). Cell culture me-
inhibition was observed (54.5 6 16.3%, N 5 6, P , 0.05dium and other chemicals were obtained from Sigma
vs. control, P . 0.05 vs. 0.05 mm SNP). SNP did notChemical (St. Louis, MO, USA).
affect the number of ouabain binding sites on the intact
Statistics OK cells (100.1 6 4.7% of control for 0.05 mm, 96.4 6
3.7% for 0.5 mm, 91.3 6 2.4% for 5 mm, N 5 4 for eachData are shown as means 6 sem. The N values shown
condition, P . 0.05, one way ANOVA). Therefore, therepresent the number of separate wells that were divided
changes of the molecular activity of membrane-associ-into several experiments with each one done in duplicate
ated Na1,K1-ATPase (93.6% for 0.05 mm, 67.9% for 0.5or triplicate. One way anova was performed followed
mm, 59.7% for 5 mm) followed the same pattern as theby Dunnett’s test or Student-Newman-Keuls test. A
changes of the overall catalytic activity.P-value of less than 0.05 was considered statistically sig-
The time-dependent response of Na1,K1-ATPase tonificant.
SNP is shown in Figure 2. At the concentration of 0.5
mm, SNP tended to decrease the overall activity of mem-
RESULTS brane-associated Na1,K1-ATPase after 15 min of treat-
ment, although it did not reach statistical significance.
Effects of sodium nitroprusside The inhibitory effect became statistically significant after
Sodium nitroprusside (SNP) was used as a NO donor one hour of treatment (55.0 6 4.9%, N 5 7, P , 0.05
in this study. Figure 1 depicts the dose-dependent effect vs. control). This effect was maintained through two and
four hours of treatment (57.9 6 13.1% and 48.6 6 8.0%,of SNP on the Na1,K1-ATPase of OK cells. Confluent
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Fig. 2. Time-dependent effect of SNP on the Na1,K1-ATPase in OK
cells. Cells were incubated with 0.5 mm SNP for the indicated times.
See the legend of Fig. 1 for more explanation. Symbols are: (d) overall
catalytic activity; (s) ouabain binding; (.) molecular activity. N 5 7
(catalytic activity) or 4 (ouabain binding) for each time point. *P ,
0.05 vs. control.
respectively, N 5 7 for each, P , 0.05 vs. control). At
all incubation times tested, SNP did not significantly alter
the number of ouabain binding sites on the intact OK
cells. Therefore, the decreases of molecular activity of
the membrane-associated Na1,K1-ATPase, again, fol-
lowed the same pattern as the decreases of its overall
catalytic activity. The treatment with 0.5 mm SNP for
two hours was used in the following experiments.
Although SNP is widely used as a NO donor, it releases
Fig. 3. Sodium nitroprusside (SNP) inhibited the Na1,K1-ATPase ac-other substances, such as CN2, in addition to NO. It is
tivity in opossum kidney (OK) cells via nitric oxide (NO) release. (A)important to confirm that the effect of SNP is mediated
The effect of SNP was largely blunted by hemoglobulin (Hb), a NO
by NO release. This was achieved in the present study scavenger. Cells were treated with SNP (0.5 mm) or with SNP (0.5 mm)
plus Hb (3.2 mg/ml) for two hours, with controls done in parallel. N 5by two approaches. First, the effect of the NO scavenger,
6 for each condition. *P , 0.05 vs. control. (B) Spermine NONOatehemoglobin (Hb), was examined. Hb binds NO and,
(5 mm, 2 hr), another NO donor, also inhibited the Na1,K1-ATPase
thereby, prevents the increase of free NO concentration activity in OK cells. N 5 6 for each group. *P , 0.05 vs. control.
in the medium. As shown in Figure 3A, when SNP was
combined with Hb, the inhibitory effect of SNP on the
membrane-associated Na1,K1-ATPase activity was larg-
ely blunted (68.9 6 8.1% for SNP alone, N 5 6, P ,
Intracellular mechanisms0.05 vs. control, 96.7 6 4.8% for SNP 1 Hb, N 5 6, P .
As mentioned above, several mechanisms could con-0.05 vs. control). Second, the effect of another NO donor,
tribute to the inhibitory effect of NO on the Na1,K1-spermine NONOate, was examined. Spermine NON-
ATPase activity. Reduction of molecule number is notOate is a putative slow NO releasing agent which is
likely based on the above data. Restriction of substratestructurally unrelated to SNP. As shown in Figure 3B,
and/or cofactor availability is also unlikely because theincubation with 5 mm spermine NONOate for two hours
measurement of Na1,K1-ATPase activity was performedinhibited the membrane-associated Na1,K1-ATPase ac-
in partially purified membrane fractions and the sub-tivity to 71.4 6 2.3% of parallel controls (N 5 6, P ,
strate and cofactors were provided artificially at satura-0.05 vs. control). This was concomitant with the accumu-
tion concentrations.lation of 3.95 6 0.14 mm NO22 in the culture medium at
One of the most common mediators of NO effects isthe end of incubation. These data confirmed that NO
cGMP. The accumulation of cGMP caused by NO hasreleased from NO donors was the genuine effector of
the inhibition of Na1,K1-ATPase activity. been shown in rabbit proximal tubules [5]. cGMP-depen-
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dent mechanisms have also been suggested to be in-
volved in the effect of NO on the in vivo regulation of
proximal tubule reabsorption [6, 7]. Indeed, as shown in
Figure 4B, SNP significantly increased the cGMP level
in OK cells (44.1 6 8.7 nmol/well for SNP vs. 18.9 6 0.3
nmol/well for control, N 5 3, P , 0.05). To test whether
this increase of cGMP production was involved in the
inhibitory effect of NO on the membrane-associated
Na1,K1-ATPase activity, we examined the effect of the
guanylate cyclase inhibitor, 1H-[1,2,4]oxadiazolo-[4,3-
a]quinoxalin-1-one (ODQ). ODQ is an inhibitor selec-
tive for the soluble guanylate cyclase, the type of guanyl-
ate cyclase that is activated by NO. As shown in Figure
4B, 30 mm ODQ blocked the increase of cGMP caused
by SNP (23.3 6 4.6 nmol/well, N 5 3, P . 0.05 vs.
control). This was concomitant with a significant blunting
of the inhibitory effect of SNP on the membrane-associ-
ated Na1,K1-ATPase activity (Fig. 4A, 59.8 6 13.0%
for SNP alone, N 5 6, P , 0.05 vs. control; 91.5 6 7.1%
for SNP 1 ODQ, N 5 6, P . 0.05 vs. control). Thirty
mm of ODQ alone did not have significant effects on the
membrane-associated Na1,K1-ATPase activity (data not
shown). This suggests that the inhibitory effect of NO on
the Na1,K1-ATPase activity may be cGMP-dependent.
One interesting note is that ODQ at the concentration
we used blocked the increase of cGMP caused by SNP
but not the basal cGMP production (Fig. 4B).
To further confirm the role of cGMP, the effect of
exogenous 8-bromo-cGMP, a stable cGMP analog, was
tested. Incubation with 1.0 mm 8-bromo-cGMP for two
hours inhibited the membrane associated Na1,K1-
ATPase activity in OK cells to 56.3 6 13.2% of control
(N 5 9, P , 0.05 vs. control). This was similar to parallel
experiments using 0.5 mm SNP, which inhibited the
Na1,K1-ATPase activity to 48.3 6 17.8% of control
(Fig. 4C).
Excessive NO could lead to the formation of several
toxic free radicals such as hydroxyl free radical. These
toxic free radicals could cause lipid peroxidation in the
plasma membrane, which potentially could affect the
activity of Na1,K1-ATPase. As shown in Fig. 5B, incuba-
tion with 0.5 mm SNP for two hours caused a slight but
significant increase in TBARS, a measurement of lipid
peroxidation (0.62 6 0.04 nmol/well for SNP vs. 0.40 6
0.04 nmol/well for control, N 5 3, P , 0.05). However,
when the increase of TBARS was prevented by coincu-
bation with lipid-soluble antioxidants vitamin E (0.33 6
Fig. 4. SNP inhibited the Na1,K1-ATPase activity in OK cells probably0.06 nmol/well, N 5 3, P . 0.05 vs. control) or probucol via a cGMP-dependent mechanism. (A) The effect of SNP on Na1,K1-
(0.38 6 0.06 nmol/well, N 5 3, P . 0.05 vs. control), the ATPase was blunted by ODQ, a soluble guanylate cyclase inhibitor.
Cells were incubated with SNP (0.5 mm) or with SNP (0.5 mm) plusinhibitory effect of SNP on the membrane-associated
ODQ (30 mm) for two hours, with controls done in parallel. N 5 6 forNa1,K1-ATPase activity was not significantly altered each condition. *P , 0.05 vs. control. (B) ODQ inhibited the SNP-
(Fig. 5A). This suggests that the lipid peroxidation may stimulated cGMP production. Cells were treated as described above
for 10 minutes; N 5 3 for each condition. *P , 0.05 vs. control. (C) 8-not be involved in the effect of SNP on the Na1,K1-
Bromo-cGMP (8-Br-cGMP, 1.0 mm, 2 hr) inhibited Na1,K1-ATPaseATPase. activity to a similar extent as SNP (0.5 mm, 2 hr). N 5 9, *P , 0.05 vs.
NO could also react with superoxide anion (O22) to control.
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Fig. 6. Effect of SNP on Na1,K1-ATPase was not altered by DTT. OK
cells were treated with SNP (0.5 mm) or with SNP (0.5 mm) plus DTT
(1.0 mm) for two hours, with controls done in parallel. N 5 6 for each
condition. *P , 0.05 vs. control.
DISCUSSION
Three major new observations have been made in the
present study. First, SNP, via the release of NO, inhibits
the membrane-associated Na1,K1-ATPase activity in
the OK proximal tubule cell line. Second, this effect of
NO is achieved by inhibiting the molecular activity of
the membrane-associated Na1,K1-ATPase rather than
reducing the enzyme molecule number. Third, this effect
of NO may be mediated by cGMP-dependent mecha-
nisms.
Nitric oxide has been shown to either inhibit or stimu-
late Na1,K1-ATPase activity depending on the type of
Fig. 5. (A) Effect of SNP on Na1,K1-ATPase was not altered by vita- tissue. In vascular tissues, NO at both basal and enhancedmin E or probucol. Cells were treated with SNP (0.5 mm), with SNP
levels stimulates the Na1,K1-ATPase activity [13–15].(0.5 mm) plus vitamin E (50 mg/ml), or with SNP (0.5 mm) plus probucol
(20 mm) for two hours, with controls done in parallel. Vit E is vitamin In other tissues, such as the brain and alveolar cells,
E. N 5 6 for each condition. *P , 0.05 vs. control. (B) Vitamin E and studies showed an inhibitory effect of NO on theprobucol prevented the SNP-induced lipid peroxidation. Cells were
Na1,K1-ATPase [16, 17]. In kidneys, stimulation of en-treated as described above. N 5 3 for each condition. *P , 0.05 vs.
control. dogenous NO production or administration of exoge-
nous NO decreased the Na1,K1-ATPase activity in rat
medulla tissue slices [18]. A similar effect was also ob-
served in mouse proximal tubule cells [8]. In the present
study, SNP or spermine NONOate, via the release of
form peroxynitrite (OONO2). The latter could modify NO, significantly and consistently inhibited the catalytic
the thiol groups of proteins by nitrosylation and affect activity of the membrane-associated Na1,K1-ATPase in
the functions of proteins. However, as shown in Figure OK cells. OK cells are a cell line originally derived from
6, the coincubation with 1.0 mm DL-dithiothreitol opossum kidneys; they possess a variety of proximal tu-
(DTT), a compound protecting thiol groups, did not sig- bule characteristics and are widely used as a model for
nificantly alter the inhibitory effect of SNP on the proximal tubule epithelium. Therefore, the present study
Na1,K1-ATPase. At 1.0 mm, DTT alone did not signifi- strongly supports the notion that NO inhibits the
cantly affect the membrane-associated Na1,K1-ATPase Na1,K1-ATPase in the proximal tubule.
activity (data not shown), which suggests that nitrosyla- Na1,K1-ATPase or its subunits could be internalized,
tion may not mediate the inhibitory effect of SNP on resulting in a decrease of the number of plasma mem-
brane-associated Na1,K1-ATPase molecules. Indeed,the Na1,K1-ATPase activity.
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this has been suggested to be one of the mechanisms by by these studies. In the proximal tubule in particular, a
role of NO in the regulation of reabsorption was sug-which dopamine inhibited Na1,K1-ATPase in proximal
tubule cells [19]. Furthermore, Cohen-Luria, Rimon and gested by measurements of lithium clearance [26, 27] or
phosphate excretion [28]. In the studies by Wang [6]Moran also showed that prostaglandin E2 inhibited
Na1,K1-ATPase in MDCK cells, a collecting duct cell and Eitle et al [7], an inhibitory effect of SNP at the
concentrations of 1 or 0.1 mm on fluid and/or soluteline, via reducing the number of the active enzyme units
[20]. Although NO also has been suggested to down- reabsorption in the proximal tubule was clearly demon-
strated. The inhibition of Na1,K1-ATPase in OK cellsregulate plasma membrane proteins such as mannose
receptor [21, 22], previous studies showing inhibitory by NO, as shown by the present study, provides one of
the possible mechanisms by which NO inhibits fluid andeffect of NO on Na1,K1-ATPase [8, 17, 18] did not
directly examine whether NO affected the number of solute reabsorption in the proximal tubule.
Certain precautions should be taken when interpretingNa1,K1-ATPase enzyme units. In the present study, us-
ing ouabain binding assay, we demonstrated that NO the results of the present study. First, the concentration-
response experiments showed that SNP inhibited theinhibited the catalytic activity of Na1,K1-ATPase in OK
Na1,K1-ATPase at concentrations of 0.5 and 5 mm butcells without affecting the number of the enzymes on
not at 0.05 mm. These are relatively high concentrationsthe cell surface. Therefore, NO inhibits the molecular
compared to those of SNP effective in other functionsactivity of the membrane-associated Na1,K1-ATPase in
such as vasorelaxation. On the other hand, this observa-OK cells. It is noteworthy that the effect of prostaglandin
tion is consistent with the in vivo studies by Wang [6]E2 on Na1,K1-ATPase may be mainly mediated by
and Eitle et al [7] in which SNP decreased proximalcAMP-dependent mechanisms, which presumably are
reabsorption only at 1 or 0.1 mm, but not 1 mm, concentra-not the main mechanisms for the effect of NO.
tions. Furthermore, it is interesting to note that SNPStudies in alveolar cells and vascular tissues suggested
appeared to be a rather slow NO-releasing agent. Incuba-that NO modulated Na1,K1-ATPase activity via cGMP-
tion with 0.5 mm SNP for two hours resulted in theindependent mechanisms [14, 15, 17]. However, studies
accumulation of 3 to 4 mm NO22, similar to 5 mm sperminein renal medulla slices showed that the inhibition of
NONOate, a putative slow NO-donor with similar effectsNa1,K1-ATPase activity by NO involves cGMP and
on Na1,K1-ATPase in OK cells. These concentrationscGMP-dependent protein kinase [18]. Furthermore,
of NO22 are also within the same range as the basalcGMP-dependent mechanisms were shown to mediate
NO22 concentration in renal interstitium [4], which fur-the effect of atrial natriuretic peptide [23] and probably
ther supports the in vivo relevance of the present study.carbon monoxide [24] on Na1,K1-ATPase. The study
Second, although OK cells are widely used as a modelby Guzman et al also suggested a partial role of cGMP
for the proximal tubule epithelium, precautions shouldin the effect of NO on the Na1,K1-ATPase in mouse
be taken when extrapolating the results obtained in OKproximal tubule cells [8]. The present study supports the
cells to the in vivo proximal tubule.idea that NO inhibits the Na1,K1-ATPase activity in the
In summary, the present study clearly showed an inhib-proximal tubule via cGMP-dependent mechanisms. This
itory effect of NO on the molecular activity of the mem-is consistent with the in vivo split-drop micropuncture
brane-associated Na1,K1-ATPase in the OK proximalstudy that suggested a correlation between the inhibitory
tubule cell line. This effect may be mediated by cGMP-effect of SNP on the proximal tubule reabsorption and
dependent mechanisms. This effect of NO may play anthe stimulation of cGMP production [7]. Modification
important role in the regulation of fluid and solute reab-of the thiol group has been suggested to be the mecha-
sorption by the proximal tubule.nism by which NO inhibited the Na1,K1-ATPase in the
brain [16]. This mechanism does not seem to mediate
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